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Abstract—We succeeded in powerful noncontact actuation of 
magnetically driven microtool (MMT) by magnetizing it and 
focusing magnetic field in a microfluidic chip. Novelty of this 
paper is summarized as follows. (1) We employed neodium 
powder as the main component of MMT. The density of 
magnetic flux was improved about 100 times larger after 
magnetization. (2) We fabricated a pair of magnetic sharp 
needles in the chip by electroplating. MMT was placed between 
the needles and the density of magnetic flux was improved about 
3 times larger. As a result, we succeeded in powerful actuation 
of MMT in a chip. Drive frequency was improved about 10 
times faster (up to 180 Hz). We applied it for sorting of 
copolymer beads in a chip. MMT is put in the microchannel. 
The size of the bead was measured by image processing (15 Hz). 
Moving frequency of the MMT was made higher than the 
sampling frequency of measurement and secure sorting was 
achieved. 
I. INTRODUCTION 
ICROCHIP production has progressed remarkably 
with the development of micro/nano fabrication 
techniques in the fields of chemistry and biology. For 
example, an integrated microchip system for chemical 
analysis has been developed that effectively performs 
chemical reactions in the microspaces of microchannels [1], 
[2]. A microchip that can culture cells has been developed to 
maintain the desired environment by controlling oxygen, 
nutrients, and waste materials in the microchannel. In such 
microchannels, the transportation medium can be a 
single-phase as well as a multiphase flow, typically 
containing microbeads, chemicals, or cells. Sorting of 
microparticles in such microchannels offers great potential in 
biology, chemistry, and environmental analysis.  
In general, when microparticles are sorted in 
microchannels, the effects of centrifugal force and gravity on 
the particles of the order of several tens of micrometers are 
relatively small, compared to large-scale sorting. Therefore, 
large-scale sorting techniques are not applicable to sort of 
microparticles in a microchannel. Instead, the fluid force, 
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electrostatic force, and optical force are commonly used to 
sort microparticles in microchannels[3]-[6]. 
For example, cell sorters, which are based on flow 
cytometry, can sort cells in a continuous cell-laden flow, and 
can collect the sorted cells in cell suspensions [7]. Cell sorting 
is generally performed either electrically (by charging cells) 
or by mechanically moving the receiving dishes after a shot of 
laser light. The laser pulse is controlled such that a single cell 
is placed in a single droplet by thrusting the diluted cell 
suspension into an air phase. However, because this system 
tends to be large and expensive, a low-cost cell sorter has 
been developed on a microchip. There are many methods of 
microscale cell sorting, such as dielectrophoretic sorting 
[8]-[10], laser trap [11], magnetic isolation, and switching in 
microfluidic channels using microvalves [12]. It is necessary 
to design the system to fit the characteristics of the sorting 
object (e.g., size), the condition of the carrier liquid, and the 
sorting speed.  
We had developed magnetically driven microtools (MMT) 
in a previous research [13], [16], [17]. The basic concept of 
MMT was proposed in 2004 for noncontact manipulation of 
microscopic particles such as oocytes, cells and microbeads 
[13]. Then we developed polymer based MMT with 
magnetite powder by photolithography technique. This 
technique provides many microchannel functions, such as 
those of a valve, stirrer, and loader [13]-[16]. The developed 
MMT is flexible and biocompatible, and can be applied to 
cell sorting applications where there is a risk of 
contamination, by fabricating the microchannel out of a 
disposable material. The microdevices actuated by magnetic 
force have a simple structure, and they are low in cost and 
easy to integrate with the microchip. Especially, the 
noncontact sorting system provides a robust and reliable 
system that is not affected by the characteristics of the sorted 
objects. It is particularly important to note that it can sort 
relatively large particles (of the order of 100 μm).  
In developing the MMT, we especially focused on 
investigating a small actuation module to integrate many 
functions in the limited area on chip. First prototype 
developed is shown in Figure 1 (a) and (b). Permanent 
magnets have been reported to have significant advantages in 
miniaturizing systems effectively [17]. To actuate the soft 
magnetic MMT, our system has drive unit and permanent 
magnet unit to downsize the electromagnetic coil (drive unit). 
We used a permanent magnet that operated indirectly, and 
were able to downsize the drive unit significantly. The system 
consists of two modules - an upper module containing a 
disposable microchannel and a lower actuation module. The 
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density of magnetic flux generated by the electromagnetic 
coil is amplified by the permanent magnet unit mounted 
between the microchannel and the magnetic circuit, and the 
MMT is moved by non-contact actuation. However the 
maximum actuation frequency of MMT was limited to about 
18 Hz, because of the size of permanent magnet is 
significantly larger than MMT. Also, fluid resistance was 
remarkable in water and the power for actuation was not 
enough to exceed the measurement speed (30 fps).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the current study, we solved these problems by 
focusing magnetic field of drive unit as shown in Figure 1 (c) 
and (d).  To integrate of MMT and to obtain powerful 
actuation, we fabricated magnetized MMT using composite 
of neodymium powder and PDMS. Also, we fabricated 
magnetic needle in a bio-chip to focus density of magnetic 
flux. The magnetized MMT was installed between them 
(Figure 2). 
Figure 3 shows concept image of sorting method and a 
actuation module. The direction of the current in the coil of 
the magnetic circuit can be switched to reverse the 
electromagnet’s polarity, and the density of magnetic flux 
generated by the electromagnetic coil is focused by the 
magnetic needle fabricated in a biochip, and the MMT is 
moved by non-contact actuation. Finally, with such a 
developed system, automating the sorting of different sizes of 
copolymer beads was completed using a real-time image 
processing system. 
This paper consists of five chapters including the 
introduction. Section 2 describes the outlines of fabrication 
method of MMT and magnetic needle. In section 3, we 
evaluated fabricated MMT. Section 4 describes operation of 
MMT by using image processing. Finally the conclusion 
section summarizes the current research work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
II. PRODUCTION OF MMT AND MICROCHANNELS 
A.  Fabrication of MMT 
Figure 4 shows the fabrication process of the MMT, which 
may be summarized as follows: (1) patterning SU-8 over the 
silicon substrate, and an MMT mold was produced by 
photolithography, (2) a mixture of PDMS and neodium 
(Nd2Fe14B, 50 wt%) was spread over the patterned mold and 
baked on hotplate (100℃, 15 min),  (3) the layer of PDMS 
was spincoated  over (2) and baked it in oven (90℃, 10 min) , 
(4),(5) separation MMT from the mold with PDMS, and 
peeling MMT from PDMS, and (6) magnetization MMT. The 
surface of MMT was Teflon coated with CF4 gas by plasma 
ashing method (Dischage Power: 130 W) for 30 minutes to 
avoid any stiction in microchannels. The use of magnetic 
powder in polymer has a great advantage for arbitral shape of 
fabrication. The baked PDMS (the catalyst was evaporated) is 
biocompatible and this is widely used as a material of biochip. 
In case of ferromagnetic materials, it is difficult to fabricate 
fine and complicated shape. To manipulate cells, the shapes 
of actuator tend to be complicated for the accurate 
manipulations with protecting the sensitive material of cell. 
(The current shape of sorter MMT is not much complicated, 
however MMT itself has ability to fabricate more 
complicated shape and functions.) 
Fig. 2 Concept of sorting biochip 
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Figure 3: Principle of actuation method of MMT 
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Fig. 5 Fabrication process of micro-channel 
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Fig. 6 Outlook of sorting MMT chip 
B.  Fabrication of the Magnetic needle 
Figure 5 shows the fabrication process of the Magnetic 
needle, which may be summarized as follows: (1) sputter 
deposited Cr/Au on a piece of cover glass, (2) patterned 
OFPR800 and etched Cr/Au, (3) Removed OFPR and 
patterned KMPR1050, (4) electro plated Ni, (5) Removed 
KMPR1050 in a stripper liquid (Remover PG), and (6) 
assemble MMT into PDMS (micro-channel), and bonded the 
cover glass together. Figure 6 shows the sample that was 
fabricated by this procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C. FEM analysis (density of magnetic flux) 
Figure 7 (a) shows the conventional configuration of an 
MMT that consists of a bio-chip and a drive unit. Figure 7 (b) 
shows the proposed design for the current setting. In the 
present configuration, the system is consisting of a magnetic 
needle in a bio-chip. The actuation module is composed of a 
magnetic circuit unit containing an electromagnetic coil and 
magnetic needle in a bio-chip. The density of magnetic flux 
generated by the electromagnetic coil is focused by the 
magnetic needle (Ni) fabricated in a biochip, and the MMT is 
moved by non-contact actuation.  
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Fig. 10 Measured density of magnetic flux of MMT (column 
shape) as a function of the weight ratio of neodymium. 
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Fig. 11 Effect of temperature on MMT (micro-sorter) 
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Figure 12: Operation of sorting MMT 
Magnetic Needle
The distribution of density of magnetic flux near the MMT 
was calculated by FEM analysis software (COMSOL) and 
shown in Figure 8. The total number of turns of 
electromagnetic coil was 500 times, and the electric current of 
the coil was 0.12 A. Figure 8(a) shows a condition without 
magnetic needle, and (b) shows a condition with it to focus 
density of magnetic flux.  It is evident that the magnetic flux 
was focused by magnetic needle fabricated in bio-chip, where 
the magnetic flux increased remarkably.  
Figure 9 shows profiles of density of magnetic flux along x 
direction near the MMT (where y=2.25×10-3 [m]) of a case 
with magnetic needle. In case of the condition with needle, 
the density of magnetic flux at the position of MMT became 
about 2.7 times of the one without needle. It is clear to see that 
magnetic field is focused at the center of the needles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
III. EVALUATION OF MMT 
A. Evaluation of ratio of neodymium in MMT 
We evaluated the maximum density of magnetic flux (at 
room temperature) of MMT which were molded to column 
shape (diameter = 1.0 mm, height = 250 μm). Figure 10 
shows the maximum density of magnetic flux measured by 
changing the weight ratio of neodymium (30, 40, 50, and 
60%). The density of magnetic flux increases with increase of 
the content rate of neodymium.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is important to note that the MMT whose content rate is 
more than 50% was difficult to be fabricated, and hence the 
content rate of neodymium was set to be 50%. To increase the 
density of magnetic flux, the MMT was magnetized 
sufficiently. For example, the density of magnetic flux of 
MMT (micro-sorter) was 4.4 mT after magnetization, which 
shows the 100 times larger than initial value of 0.04 mT. 
B. Quantification of temperature characteristic 
To evaluate the effect of temperature on MMT, we 
measured the density of magnetic flux with MMT 
(micro-sorter) by changing temperature from room 
temperature (25 ℃) to 200 ℃, and it was confirmed that it did 
not lose with increase of temperature as shown in Figure 11. 
About 8% of fluctuation of magnetic flux was also observed 
in the range of temperature of bio-manipulation and bonding 
(35-100℃), and which can be optimized by adjusting the 
current of electromagnetic coil to obtain a constant sorting 
performance.  
 
 
 
 
 
 
 
 
 
 
 
 
IV. OPERATIONS OF MMT 
A. Initial experiment 
Figure 12 shows the operation of the MMT using the 
actuation module. The needles are made by Ni electroplating. 
Images were captured by a CCD camera attached to an optical 
microscope. The depth of the channel was 200 μm and the 
height of MMT was 150 μm. The MMT was installed in the 
microchannel of the PDMS chip before the bonding between 
the cover glass and the PDMS chip. We applied 2.83 V and 
0.15 A on the electromagnetic coils and the MMT was 
actuated at about 180 Hz (the velocity of edge of the MMT: 
13.5 mm/s) in ethanol. It was confirmed that MMT was able 
to sort micro-particle of about 100 μm, and the edge of the 
MMT can be used to switch the microchannel. Drive 
frequency was improved about 10 times faster than previous 
work [16]. 
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Figure 16: Demonstration of automatic sorting system
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Figure 13: Operation of sorting MMT 
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B.  Detection and Separation by Image Processing 
After evaluating the results of experiments, we automated 
the sorting system using image analysis (Figure 13). Before 
the experiment, the system was calibrated using an image of 
representative sorting particles. A sensing area is then defined 
in the CCD image at the measurement.  Then, the particle was 
detected and sorted by a result of correlation between the 
CCD image and the representative sorting particle image. The 
amplified current by a power amplifier was used to change 
the electromagnetic coil. Then the output of a D/A (digital to 
analog) circuit was varied. This process was controlled by the 
results of image processing in the sensing area.  
It is important to note that the sampling frequency of 15 Hz 
restrict the velocity of transportation of a micro-particle and 
MMT actuation frequency. The size of sensing area is limited 
to allow to sort a particle within a high concentration stream 
of particle. Therefore it is ideal that the velocity of 
transportation of particle before the sensing is sufficiently 
low, whilst that of particle after the sensing is sufficiently 
high. To solve this problem, the assist flow was added from 
the both side of the microchannels near the tips of magnetic 
needle to the downstream, and which accerelated the particle 
to be transported. Concequently the assist flow contributed to 
speed up the sorting system effectively. It is also important to 
note that the particle is difficult to be affected by the flow 
fluctuated by the movement of tip of MMT by using the assist 
flow. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 shows the demonstration of automation of 
sorting of copolymer beads in a chip with the assist flow. The 
bead was successfully transported to the left microchannel by 
moving the MMT to the right wall of the microchannel. The 
maximum sorting rate for the current experiment was up to 15 
Hz (Figure 16). For the present study, we have succeeded in 
the improvement of the actuation speed of MMT from 18 to 
180 Hz, however the speed of the image capturing systems 
(15 Hz) restricted the high performance of actuation speed of 
MMT (180 Hz). In the future study, we need to speed up the 
sensing speed. 
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V. CONCLUSIONS 
To obtain integration and the powerful actuation of MMT, 
we used a mixture of composite of neodymium powder 
(Nd2Fe14B, average diameter 10 μm) and PDMS, then 
magnetization was performed. These magnetic tools were 
magnetized and the density of magnetic flux increased from 
0.04 mT to 4.4 mT. The density of magnetic flux was 
improved about 100 times larger after magnetization. 
To focus the density of magnetic flux, we proposed 
fabricated magnetic needle in a bio-chip, and MMT was 
assembled between a pair of magnetic sharp needles on the 
chip. We analyzed the density of magnetic flux about the 
MMT on-chip by FEM analysis. The density of magnetic flux 
near the needle was remarkably improved (about 3 times 
larger). 
We have operated this sorting chip, and as a result, we 
succeeded in powerful actuation of MMT on a chip. Drive 
frequency was improved about 10 times faster [16] (up to 180 
Hz; the velocity at the edge of MMT: 13.5 mm/s). Also, we 
successfully demonstrated the separation of copolymer beads 
by size with image processing. 
The proposed method is novel and promising technology 
for noncontact manipulation of microscopic objects in a 
closed space. It has advantages over optical tweezers in 
generating larger force (nN-μN order). MMTs and 
microfluidic chips are made in low cost for disposal. 
Therefore, proposed system is economical and suited for 
biomedical applications. 
In future, our sorting MMT could be combined with other 
functioned MMTs and integrated, and contribute to 
automation of micro-particle or cell manipulation processes 
on a chip. 
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